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Abstract 6 
Background. There is very limited evidence of the effect muscle-related genes play on muscular 7 
phenotypes and the responses after exercise intervention in healthy elderly. 8 
Methods. 200 participants between 60 and 80 years old were randomly assigned into three groups: 9 
fitness (FIT) group, whole-body vibration (WBV) group and control (CON) group. Participants in FIT and 10 
WBV groups performed a one-year exercise program. Whole-body skeletal muscle mass (SMM) and 11 
peak isometric knee extension torque at a knee flexion angle of 60° (PTIM60) were tested before and 12 
after the intervention. Relative change of each parameter was calculated for further analysis. 13 
Genotype of each participant was obtained from blood sample. Data-driven genetic predisposition 14 
score (GPS) was calculated by adding up predisposing alleles of single nucleotide polymorphisms (SNPs) 15 
which were closely related to respective parameter from a 224 muscle-related SNP pool. 16 
Results. PTIM60 increased (p < .05) in exercise groups after one-year intervention. Its relative changes 17 
were also greater than that in CON group (p < .05). Similar relative changes of SMM (p = .299) were 18 
found among the three groups over one year with an average value from 2.21% to 3.96%.  GPS was 19 
closely related to baseline PTIM60, relative changes of SMM and PTIM60 in exercise groups. GPS explained 20 
the variance of corresponding parameter by 3.2%, 14% and 27%, respectively.  21 
Conclusion. GPS is positively related to baseline knee strength and muscular adaptations towards 22 
exercise in healthy elderly. It can partly explain the inter-individual variance of muscle responses after 23 
training and suggests a new training approach of involving genetic information in exercise regimen 24 
design. 25 
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Introduction 27 
Increasing longevity throughout the world in recent decades has brought healthy aging to the attention 28 
of both gerontology and kinesiology researchers. Past studies have found a loss of muscle mass and 29 
decrease in muscle performance as two of the most prominent features during the aging process. Such 30 
age-associated muscular decline is known as sarcopenia1. Using magnetic resonance imaging, Janssen 31 
et al. discovered an onset of muscle mass degeneration among the subjects in their thirties, with the 32 
decay reaching a significant level in the fifth decade2. This decrease was mainly caused by the loss of 33 
muscle mass in the lower body2,3. Similar to muscle mass loss, muscle strength also decreases with 34 
aging, but at a faster rate4. This functional weakness is thought to be associated with many factors 35 
such as denervation in aged muscle5, declined function in mitochondria6,7, elevated type I/type II fiber 36 
ratio1,8 and alteration in contractile properties9. Moreover, these muscular declines  were found closely 37 
related to elderly mortality rate10. 38 
It is now well reported that regular participation in exercise programs can help reduce aging-associated 39 
functional declines. Multiple exercise methods have been reported as effective in slowing the muscular 40 
aging process. Resistance training and combined aerobic and resistance training have been proven to 41 
maintain muscle performance11–13. A 26-week exercise intervention on obese elderly has found a 18% 42 
improvement in strength after combined training and a 19% strength increment after resistance 43 
training14. Meanwhile, whole-body vibration (WBV) training has also been introduced as an exercise 44 
intervention for the elderly. It has proven to counteract the decay of muscle mass and strength during 45 
aging15,16. Despite the benefits of exercise, muscle strength and mass responses after resistance 46 
training showed individual response variances among subjects, while those responses were not 47 
affected by age and sex17. Sibling and twin studies estimated the heritability of muscle strength and 48 
muscle mass, indicating that the individual genetic makeup can exert an influence on the development 49 
of muscle mass and strength18. This indicates that the response variability resulting from exercise might 50 
be related to inherited characteristics19,20. 51 
Since early reports on exercise capacity-related genes at the end of twentieth century21,22, many 52 
studies have shown the relation between hereditary characteristics and physical performance23. 53 
However, a considerable number of these studies focused merely on one or a limited number of genes. 54 
Since muscular performance can be affected by the combined influences of multiple genes, a new 55 
method needs to be applied in order to study the overall effect of multiple genes. With the 56 
development of genome-wide association studies, the method of data-driven genetic predisposition 57 
score (GPS) has gradually been introduced into exercise genomics. Through the usage of GPS, 58 
heritability studies have been able to show the role genetic factors plays in the changes of muscular 59 
phenotypes after exercise intervention. Recent studies have been made on elite athletes24,25 and 60 
patients with coronary artery disease19,20. To the best of our knowledge, no studies have been 61 
performed combining muscle-related genes with GPS to explain baseline muscular phenotypes and 62 
exercise-induced muscular changes in a healthy elderly population. Yet, such studies might help us 63 
better understand individual adaptive variations towards exercise and can be useful for the design of 64 
exercise prescription in the future. 65 
Therefore, the aim of the research was to study the predictive power of GPS on baseline muscular 66 
phenotypes and muscular changes after exercise in a healthy elderly population. We hypothesized that 67 
elderly people with higher GPS might have a better baseline value and greater muscular improvement 68 
than those with lower GPS. 69 
Materials and Methods 70 
Subjects  71 
Elderly people between 60 to 80 years old were recruited from the local communities of the city of 72 
Leuven and its surrounding areas. They were the same group as that recruited in the study of Bogaerts 73 
et al26. All the subjects went through a series of medical examinations. Exclusion criteria were 74 
skeletomuscular, neuromuscular and cardiovascular disorders that may prohibit training process and 75 
strength-related tests. People with recent training experience were also excluded. This study was 76 
approved by the University’s Human Ethics Committee in accordance with the Declaration of Helsinki. 77 
Informed consent was given by each subject. 200 participants (104 men, 96 women) agreed to provide 78 
blood sample for DNA analyses and their data were included in this study.  79 
Training protocols 80 
Of the 200 participants providing a blood sample, 54 of them were from the fitness (FIT) group, 85 of 81 
them were in the WBV group and the rest came from the control (CON) group. Subjects in the FIT and 82 
the WBV groups received training three times a week on nonconsecutive days over a period of one 83 
year. All training programs were performed at Leuven University’s Training Center under the guidance 84 
and supervision of qualified health and fitness instructors. 85 
The training programs in the FIT group consisted of aerobic, resistance, balance and flexibility training. 86 
It was designed based on the exercise prescriptions for elderly recommended by American College of 87 
Sports Medicine (ACSM) guidelines27. Subjects firstly performed the aerobic session through one of the 88 
four exercises: walking, running, cycling or stepping. The training intensity varied from 70% to 85% of 89 
the individual heart rate reserve. The duration of this session was 20 minutes in the starting week and 90 
was gradually increased to 45 minutes in the end. In the resistance training session, subjects performed 91 
leg press, leg extension, leg curl (lower body), chest press, vertical row, shoulder press, vertical traction, 92 
arm curl (upper body), abdominal crunch and back extension (abdominal region) on strength trainers 93 
(Technogym Systems, Gambotella, Italy). Before the resistance training, the 1 repetition maximum (RM) 94 
of participant was assessed by qualified instructors in each exercise. The load of the training started at 95 
50% of 1-RM with 15 repetitions and was gradually increased to 80% of 1-RM with 8 repetitions. 15 96 
minutes of balance exercise and 10 minutes of stretching were performed after each training session. 97 
The training programs were described in detail in the study of Bogaerts et al.26 (Supplementary Table 98 
1).  99 
Participants in the WBV group performed exercises on a vibration platform (Power Plate®, Amsterdam, 100 
Netherlands) with a maximum duration of 40 minutes. The exercises included body weight squat, deep 101 
squat, wide stance squat, toes-stand, toes-stand deep, one-legged squat and lunge. The duration of 102 
each exercise started from 30 seconds and was finally increased to 60 seconds. A detailed training 103 
protocol can also be found in the study of Bogaerts’ et al.28 (Supplementary Table 1).  104 
Subjects in the CON group did not undertake any training program. They were advised to maintain 105 
their original lifestyle during the study and to not engage in any new physical activity. 106 
Genotyping 107 
Blood samples were taken from each participant. Genotyping was done with the Illumina GoldenGate 108 
platform (Illumina, Inc., San Diego, CA, USA) at the Genomics Core Facility (UZ/KU Leuven). The 109 
selection of genes was based on published articles (up to August 2014) and expression quantitative 110 
trait loci (eQTL) analysis. Detailed selecting process can be found in Ruben’s study29. These potential 111 
candidate genes were identified for muscular strength or muscular endurance development or 112 
regulation. 224 single nucleotide polymorphisms (SNPs) (Supplementary Table 2) came out as muscle-113 
related SNPs. Through blood testing, 12 SNPs failed to be tested out and 3 SNPs presented the same 114 
genotypes among all subjects. Those 15 SNPs were ruled out from the 224-SNP pool. Results of linkage 115 
disequilibrium test showed that 58 SNPs were highly linked as 19 subgroups and one representative 116 
was selected from each of these subgroups. Combined with those that were lowly linked, a total 117 
number of 170 SNPs were withheld for further analyses. 118 
Muscular phenotype measurements 119 
Whole-body skeletal muscle mass (SMM) was calculated through bioelectrical impedance analysis 120 
(BIA). Resistance of BIA was measured by Bodystat 1500MDD (Bodystat Ltd, Douglas, UK) before and 121 
after the one-year intervention. Before the test, participants were asked to lie down in a supine 122 
position for one minute. During the measurement, two electrodes were put on the right hand and right 123 
foot as instructed in the manual. SMM was calculated for further analyses, using the following 124 
regression equation that has been assessed for validity in elderly particpants30: 125 
SM mass (kg) = (Ht2/R × 0.401) + (sex × 3.825) + [age × (-0.071)] + 5.102  126 
where Ht stands for height in centimeters; R stands for BIA resistance in ohms; in sex, men = 1 and 127 
women = 0; age is in years.  128 
Biodex Medical System 3 dynamometer (Biodex Company, New York, USA) was used for the 129 
measurements of isometric, isotonic and isokinetic strength of knee extensors. These measurements 130 
were done by the same operator before and after the intervention. Before testing, participants were 131 
asked to complete a 5-minute warm up on a free-loaded ergometer. Two trials were performed before 132 
formal test to allow participants better understand the measuring process. Maximal isometric knee 133 
extension were evaluated at knee flexion angles of 60° (PTIM60) with 0° representing full extension. 134 
Peak torque (PTIM60) was withheld for further analyses. 135 
Statistical analyses 136 
All the data were reported as mean ± standard deviation (SD) and were analyzed using SAS statistical 137 
software version 9.4 for Windows (SAS Institute Inc, Cary, NC). Stepwise regression analysis was first 138 
used in the detection of SNPs that were significantly related to muscular phenotypes. The significance 139 
level for entry was 0.1 and that for stay was 0.05. Alleles that were found positively related to muscular 140 
phenotypes from the analysis were regarded as phenotype-related predisposing alleles. Based on the 141 
selected significant SNPs from stepwise regression analysis, muscular phenotype-related GPS was 142 
calculated with the method used in the calculation of data-driven GPS in the study of Charlier et al29. 143 
Since the weights of alleles in muscle-related SNPs were not well defined, an accumulative effect was 144 
hypothesized and equal weight was given to each predisposing allele. Thus, data-driven GPS of each 145 
individual was calculated by adding up all the corresponding predisposing alleles.  146 
Two-way analysis of variance (ANOVA) was applied to evaluate between-group comparisons at 147 
baseline and one-year relative changes with gender and group as factors.  Bonferroni method was used 148 
as post-hoc test. Repeated measures ANOVA was used for within-group comparisons of muscular 149 
phenotypes between baseline and post-intervention level with gender as a factor. To analyze the 150 
influence GPS played on baseline muscular parameters, linear test between GPS and corresponding 151 
muscular phenotype was performed by analysis of covariance (ANCOVA) with age, height, gender and 152 
baseline SMM as covariates. In exercise groups, the relations between GPS and relative changes of 153 
phenotypes after exercise were also analyzed through ANCOVA with age, height, sex and 154 
corresponding baseline muscular value as covariates. P value of 0.05 was set as the level of significance. 155 
Results 156 
Descriptive data 157 
Descriptive data of subjects in each group are presented in table 1. Participants in the three groups 158 
had similar age, height and body mass before the intervention. No significant difference in body mass 159 
change was found among the three groups after one year. 160 
Table 1. Descriptive data of subjects (mean ± SD) 161 
Group Number Age (year) Height (cm) 
Body Mass (kg) 
Pre-intervention Post-intervention ∆post-pre (%) 
CON 61 68.23 ± 5.38 167.45 ± 8.54 75.43 ± 10.86 74.49 ± 10.78 -0.98 ± 3.38 
FIT 54 67.00 ± 3.88 167.7 ± 9.98 76.13 ± 11.98 74.63 ± 12.19 -1.78 ± 2.99 
WBV 85 67.44 ± 4.83 167.22 ± 8.51 75.21 ± 12.62 73.8 ± 11.67 -1.2 ± 3.15 
 162 
Baseline muscular phenotypes and training effects 163 
The baseline values and training effects of muscular phenotypes are presented in table 2. At baseline 164 
level, SMM and PTIM60 showed no significant difference among groups (p = .486 and p = .805, 165 
respectively). Significant increases of SMM (CON: p < .001, FIT: p = .006, WBV: p = .029) was found in 166 
all groups after one year, but these changes among the three groups did not show any significant 167 
differences (p = .299). After one-year training, PTIM60 increased significantly in the two exercise 168 
groups (FIT: p < .001, WBV: p < .001) while in CON group there was no pre-post difference  (p= .744). 169 
Moreover, two-way ANOVA results showed significant differences in relative changes of PTIM60 170 
among the three groups (p < .001). Post-hoc test further found that exercise groups had significant 171 
increments than that in CON group (p < .05).  172 
 173 
Table 2. Muscular phenotypes before and after one-year intervention (mean ± SD) 174 
Parameter Baseline Post-intervention ∆post-baseline (%) 
SMM (kg)    
CON 23.68 ± 6.82 24.01 ± 6.09+++ 3.96 ± 5.92 
FIT 23.65 ± 6.27 24.59 ± 6.65++ 3.38 ± 8.06 
WBV 23.94 ± 6.50 24.32 ± 6.57+ 2.21 ± 6.79 
PTIM60 (Nm)    
CON 136.29 ± 44.25 138.17 ± 43.51 0.19 ± 16.06 
FIT 141.70 ± 39.65 162.43 ± 37.89*+++ 14.97 ± 15.57* 
WBV 136.92 ± 41.77 151.32 ± 43.47+++ 12.09 ± 15.51* 
* significant difference when compared with CON group (p < .05) 175 
+  significant difference when compared with baseline value (p < .05) 176 
++  significant difference when compared with baseline value (p < .01) 177 
+++  significant difference when compared with baseline value (p < .001) 178 
 179 
Genetic predisposition score 180 
SNPs closely related to muscular phenotypes were selected through stepwise regression analysis 181 
(Supplementary Table 3). Linear relations between GPS and corresponding muscular phenotypes at 182 
baseline level are shown in table 3. Since stepwise regression was made separately on each muscular 183 
parameter, the number of data-driven SNPs varied with each parameter. As presented in table 3, 184 
Four SNPs (ACVR1B: rs2854464; FST: rs3797297; IGFBP3: rs3110697; TTN: rs10497520) were found 185 
significantly related to baseline PTIM60. Data-driven GPS could explain 3.2% of the variance in 186 
isometric knee extensor. With a single increase of GPS, baseline PTIM60 would be increased by 4.73 187 
Nm. From ANCOVA analysis, sex, age and baseline SMM were also significantly related to baseline 188 
PTIM60. Although five SNPs (ACVR1B: rs2854464; IGFBP3: rs3110697, rs6670; MTRR: rs327588; VDR: 189 
rs731236) were found closely related to baseline SMM, ANCOVA result did not show a significant 190 
relation between baseline SMM and GPS (p = .250). 191 
Table 3. ANCOVA results of baseline muscular phenotypes 192 
 
SMM (kg)  PTIM60 (Nm)  
Estimate β value r2 p  Estimate β value r2 p 
GPS 0.17 0.04 .007 .250  4.73* 0.12 .032 .016 
SEX (M=1,F=0) 8.54*** 0.66 .560 <.0001  18.95* 0.23 .025 .034 
AGE -0.06 -0.04 .011 .141  -2.01*** -0.23 .106 <.0001 
HEIGHT 0.23*** 0.31 .235 <.0001  0.64 0.13 .017 .085 
SMMbaseline - - - -  2.38** 0.37 .052 .002 
Intercept  -16.01 - - -  76.22 - - - 
Adj. r2 .839  .577 
No. of SNPs 5  4 
* p < .05, ** p < .01, *** p < .0001 193 
Results of ANCOVA on GPS and training responses of FIT and WBV groups are presented in table 4. 194 
SNPs closed related to muscular adaptations were selected through stepwise regression analysis 195 
(Supplementary Table 3). Stepwise result had found 6 SNPs (CCL2: rs4586; CCR2: rs768539; 196 
GR/NR3C1: rs6190; METTL21C: rs2390760; MSTN: rs2390760; SPP1: rs10516796) significantly related 197 
to SMM changes in exercise groups. As table 4 shows, GPS, sex, height and baseline SMM were 198 
closely related to SMM changes in exercise groups. Age and training methods (FIT or WBV) did not 199 
significantly affect the changes over the one year period. From ANCOVA result, GPS alone could 200 
explain 14% of the adaptive change in SMM and an additional increase of GPS could bring a 1.78 % 201 
increase in SMM change. In the training response of PTIM60, 8 SNPs (AKT1: rs1130214; DNMT3L: 202 
rs7354779; IGFBP3: rs3110697; IL15RA: rs2228059; MSTN: rs1805086; MTRR: rs162040, rs7703033; 203 
SPP1: rs10516796) were found significantly related to it. The analysis result showed that GPS, sex and 204 
baseline PTIM60 were closely related to PTIM60 change in exercise groups. GPS alone could explain 27% 205 
of the adaptive change. Moreover, with an additional increase of GPS, PTIM60 change in exercise 206 
groups could be increased by 3.86%. 207 
Table 4. ANCOVA results of relative changes in muscular phenotypes of exercise groups 208 
 
∆SMM (%)  ∆PTIM60 (%)  
Estimate β value r2 p  Estimate β value r2 p 
GPS 1.78*** 0.34 .140 <.0001  3.86*** 0.45 .270 <.0001 
SEX (M=1,F=0) 10.83*** 0.74 .146 <.0001  11.53** 0.37 0.110 .001 
EXE 
(FIT=1,WBV=0) -0.32 -0.02 .001 .770 
 
3.25 0.10 .022 .139 
AGE -0.10 -0.06 .005 .423  -0.41 -0.12 .024 .128 
HEIGHT 0.25** 0.32 .054 .009  0.22 0.12 .015 .232 
SMMbaseline -1.20*** -1.07 .217 <.0001  - - - - 
PTIM60_baseline - - - -  -0.24*** -0.65 .273 <.0001 
Intercept  -19.54 - - -  -3.00 - - - 
Adj. r2 .350  .511 
No. of SNPs 6  8 
** p < .01, *** p < .0001 209 
Figure 1 Distribution of GPS and its linear regression model with baseline muscular phenotypes 210 
 211 
A: linear regression between genetic predisposition score (GPS) and whole-body skeletal muscle mass (SMM) at baseline. 212 
Baseline SMM values are presented on the left y-axis. The trend line shows the relation between GPS and baseline SMM.  213 
Mean value of SMM in each GPS is presented as dot and least squares mean is presented as error bar. Distribution of 214 
participants in each GPS is presented in the histogram with number of participants on the right y-axis. 215 
B: linear regression between GPS and peak isometric knee extension torque at a knee flexion angle of 60° (PTIM60) at baseline. 216 
Figure 2 Distribution of GPS and its linear regression model with muscular phenotype changes in 217 
exercise groups after one-year training 218 
 219 
 220 
 221 
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 222 
A: linear regression between genetic predisposition score (GPS) and relative changes of skeletal muscle mass (∆SMM) after 223 
one year. Since no significant difference was found in ∆SMM amount the three groups, linear regression was completed by 224 
analyzing the data together. ∆SMM is presented on the left y-axis. The trend line shows the relation between GPS and ∆SMM.  225 
Mean value of ∆SMM in each GPS is presented as dot and least squares mean is presented as error bar. Distribution of 226 
participants in each GPS is presented in the histogram with number of participants on the right y-axis. 227 
B: linear regression between GPS and relative changes of peak isometric knee extension torque at a knee flexion angle of 60° 228 
(∆PTIM60) after one year. 229 
The distribution of GPS and its linear relation with muscular parameters are shown in figure 1 and 230 
figure 2. GPS with less than three subjects were pooled together at the lower and upper end of the 231 
distribution. As shown in the graphs, Subjects with higher GPS tended to have higher baseline values 232 
and they also had the tendency of more increment after one year exercise training. 233 
Discussion 234 
To our knowledge, this is the first study using GPS to explain the effects of genetic factors on baseline 235 
muscular phenotypes and exercise-induced muscular changes in healthy elderly population. Unlike 236 
previous researches that studied muscular phenotypes with single or small number of genes, this study 237 
performed analyses with a set of 224 muscle-related SNPs. From the present ANCOVA results, data-238 
driven GPS was positively related to baseline PTIM60 and changes of SMM and PTIM60 in the exercise 239 
group after one year training. Specifically, in models of training adaptations, a sex-related variance in 240 
training responses was found. This could be partly explained by different hormonal adaptations in men 241 
and women towards exercise31. Meanwhile, participants with lower strength and muscle mass would 242 
improve more than their stronger peers after the same training. The insignificance of age might be due 243 
to close ages of participants and limited training period. Although the findings of Thomaes’ study20 244 
which did not find a significant relation between GPS and isometric knee extension strength, ANCOVA 245 
analysis in our study showed that GPS was positively related to baseline PTIM60. This might be attributed 246 
to a larger SNP pool in the present study. Considering the fact that muscular phenotypes are the result 247 
of multifactorial and polygenic effects, a larger SNP pool might increase the accuracy of results on 248 
genetic influences. Similar to the present study, a significant relationship was also found between GPS 249 
and baseline PTIM60 in Charlier’s study29 with a beta-coefficient of 0.15, despite a large lifespan of 250 
participants that was used.  251 
Through stepwise regression analyses, six genes were found closely related to baseline SMM and PTIM60. 252 
Among these genes, two of them (ACVR1B: rs2854464, IGFBP3: rs3110697) were associated with both 253 
parameters. SNP rs2854464 in ACVR1B gene was found strongly associated with isometric knee 254 
extensor strength at a knee flexion degree of 6032. Specifically, AA individuals had significant stronger 255 
isokinetic knee extensor strength than G-allele carriers, but isometric strength remained similar 256 
between the two groups. However, such association of A-allele and sprint/power performance were 257 
not found in Brazilian and Japanese populations33,34. Based on our data-driven regression result, G-258 
allele was found predisposed to a higher isometric knee strength. IGFBP3 gene was selected into this 259 
A
  a 
B
  a 
study because it facilitates myoblast differentiation; specifically the production and secretion of 260 
IGFBP3 was in accordance with the differentiation level of myoblast35. Rs3110697 was also reported 261 
as one of the polymorphisms closely related to IGFBP3 blood level36. Another SNP that was closely 262 
related to baseline PTIM60 is rs3797297 from FST gene, which codes for follistatin. Acting as an inhibitor 263 
of myostatin receptor37, the overexpression of follistatin could cause dramatic increases in muscle 264 
growth38. Previously, sex-specific fat free mass was found to be associated with the FST gene39. In our 265 
study, rs10497520 was found related to baseline PTIM60. The finding of this strength-related SNP was 266 
in line with that of Stebbings’ study, which showed that T-allele at rs10497520 in the TTN gene was 267 
associated with shorter skeletal muscle fascicle length and conveys an advantage for marathon running 268 
performance in habitually trained men40. Finally, VDR gene codes for vitamin D receptor, which plays 269 
an important role in calcium homeostasis and muscle function41. Rs731236 in VDR gene is associated 270 
with hand grip strength42. Inconsistent with the finding of Windelinckx43, which showed a sex-specific 271 
relation between VDR polymorphisms and knee strength, our result did not find a significance between 272 
VDR gene and isometric knee strength. 273 
Training responses of SMM and knee strength were found closely related to 11 genes. MSTN and MTRR 274 
gene contributed two SNPs while others only contributed one. MSTN gene encodes myostatin, a 275 
protein which negatively regulates the growth of muscle cell. Myostatin deficient mice were found 276 
with larger muscle mass, more IIB type fibers and lower force generation ability than wild types44. AKT 277 
is a critical regulator of muscle growth through IGF1-Akt/PKB pathway45. Animal experiment revealed 278 
that disruption of AKT1 gene could lead to growth retardation and increased apoptosis46. Our result 279 
showed that AKT1 gene was related to training response of PTIM60. The presence of CCL2 and CCR2 280 
gene in adaptive changes rather than baseline values supported the idea that these two genes were 281 
more related to muscular adaptations. CCL2 is expressed by macrophages and muscle satellite cells, 282 
its expression is dramatically increased following muscle damage. CCR2 is the receptor of CCL2. 283 
Previous studies have found that the expressions of both genes were associated with muscle exercise-284 
induced damage and the speed of recovery, which varied with individuals47,48. NR3C1 polymorphisms 285 
have been reported related to many sex-specific body composition and muscular phenotypes49. Recent 286 
study also found NR3C1 polymorphisms (NR3C1-2722, -1887, 1017) associated with muscle strength 287 
and size response towards a 3-month resistance training50.  Our results showed another SNP (rs6190) 288 
in NR3C1 gene that was related to knee strength changes after training. METTL21C not only had 289 
protein-lysine methyltransferase activity but was found to affect bone and muscle metabolism as 290 
well51. Hangelbroek et al. found that higher expression of METTL21C gene was associated with frail 291 
status in both young and elderly subjects while we found this gene was related to exercise-induced 292 
SMM change52. IL15RA gene was found related to skeletal muscle size and performance53,54. A-allele in 293 
rs2228059 was reported associated with larger muscle volume but lower muscle quality in men55. 294 
However, in our study, rs2228059 was only found related to knee strength adaptation after training. 295 
Study on Duchenne muscular dystrophy patients showed SPP1 gene as a determinant of this disease 296 
with G-allele carriers in SNP rs28357094 suffered from a more rapid degenerating progress56. Although 297 
that SNP was also included in our initial SNP pool, rs10516796 came out as the only SNP in SPP1 gene 298 
that showed close relation with muscular changes after exercise. Yet, the two opposite directions of 299 
the effect of rs10516796 on muscle mass and knee strength changes might be related to the result of 300 
its interaction with other SNPs in the regression model. 301 
Noticeably, through stepwise regression, MTRR gene were identified closely related to both baseline 302 
SMM and one-year PTIM60 response. Gene MTRR expresses methionine synthase reductase which 303 
participates in the metabolic cycle that provides methyl groups to DNA57. Heterozygotes in MTRR gene 304 
was thought to impair the catalytic functions of corresponding enzyme and was found more frequently 305 
in athletes when compared with non-athletes58. Since this gene was reported to affect muscular 306 
metabolism through DNA methylation58,59, our results indicated that DNA methylation may contribute 307 
to the adaptations of muscle after exercise. In our study, one year exercise training may induce DNA 308 
hypomethylation in MTRR gene region which lead to an increase in myogenic proteins58, resulting in 309 
an improvement of knee isometric strength. Furthermore, the discovery of DNMT3L gene also 310 
supported the idea of the occurrence of DNA methylation during training. Study has found that 311 
DNMT3L plays a crucial role in the activation of DNMT3a2 while the latter is the major DNA 312 
methyltransferase in male germ cells60.  313 
From results of ANCOVA in exercise groups after training, GPS could only explain 14% of the variance 314 
of SMM change and 27% of that in PTIM60. Figures of GPS distribution and its linear regression with 315 
muscular parameters also showed individual variances among subjects within the same GPS group. 316 
Such findings indicated that there might be other unknown exercise-related genes and genetic 317 
composition is not the only factor that affect muscular phenotypes. In fact, the expression of gene can 318 
also be affected without the alteration of genetic sequence, this process is known as epigenetics61. 319 
Many external factors, such as food habit, activity level and living environment can contribute to the 320 
modification of DNA (de-)methylation62. The involvement of MTRR, DNMT3L and METTL21C gene 321 
discussed above also suggested the existence of epigenetics in training adaptation process. Thus, 322 
further research on the relation between epigenetic factors and aging muscle is also needed. 323 
The limited sample size can be a weakness in this study because the small number of subjects in each 324 
group might affect the effect size and reproducibility of the results. As only Caucasian subjects were 325 
recruited, ethnic difference in relation between GPS and muscular phenotypes was not tested. 326 
Moreover, since only a limited number of these participants received upper leg computed tomography 327 
scan, data of thigh muscle mass were not sufficient enough for statistics. As a substitute, SMM was 328 
then used. This might undermine the accuracy in data analyses and further explanations. In the 329 
calculation of GPS, each predisposing allele was given equal weight. This could ignore the fact that 330 
these alleles might contribute differently towards certain muscular phenotypes. Thus, other GPS 331 
calculation methods, such as total weighting genotype score63, LASSO and Elastic Nets64 can provide 332 
new ways to study the relation between gene and aging muscle. 333 
In conclusion, we found that data-drive GPS was positively related to baseline isometric knee strength 334 
and adaptive changes of muscle mass and knee strength after one-year exercise in healthy elderly 335 
population. Specifically, GPS could partly explain the inter-individual variance of training response 336 
while DNA methylation was also involved in the adaptive process. Moreover, a pilot study has already 337 
indicated an enhanced efficiency of resistance training when individual’s genotype was included in the 338 
design of exercise prescription65. Thus, our results can provide supportive genetic information for the 339 
design of personalized exercise regimen. 340 
Funding 341 
This study was supported by the ‘Fonds voor Wetenschappelijk Onderzoek’ (FWO) [grant G-0521-05] 342 
and the Erasmus Mundus ‘Move-AGE’ program. Lingxiao He is a PhD student of the Erasmus Mundus 343 
‘Move-AGE’ joint doctorate program.  344 
Reference 345 
1.  International Working Group on Sarcopenia. Sarcopenia：an undiagnosed condition in older 346 
adults.Consensus Definition: Prevalence, Etiology, and Consequences. J Am Med Dir Assoc. 347 
2012;12(4):249-256. doi:10.1016/j.jamda.2011.01.003.Sarcopenia. 348 
2.  Janssen I, Heymsfield SB, Wang Z, et al. Skeletal muscle mass and distribution in 468 men and 349 
women aged 18 − 88 yr. J Appl Physiol. 2014;89:81-88. 350 
3.  Visser M, Kritchevsky S, Goodpaster B, et al. Leg Muscle Mass and Composition in Relation to 351 
Lower Extremity Performance in Men and Women Aged 70 to 79: The Health, Aging and Body 352 
Composition Study. J Am Geriatr Soc. 2002;50(5):897-904. doi:jgs50217 [pii]. 353 
4.  Goodpaster BH, Park SW, Harris TB, et al. The loss of skeletal muscle strength, mass, and 354 
quality in older adults: the health, aging and body composition study. J Gerontol Med Sci. 355 
2006;61(10):1059-1064. doi:10.1093/gerona/61.10.1059. 356 
5.  Aare S, Spendiff S, Vuda M, et al. Failed reinnervation in aging skeletal muscle. Skelet Muscle. 357 
2016;6(1):1-13. doi:10.1186/s13395-016-0101-y. 358 
6.  Short KR, Bigelow ML, Kahl J, et al. Decline in skeletal muscle mitochondrial function with 359 
aging in humans. Proc Natl Acad Sci. 2005;102(15):5618-5623. doi:10.1073/pnas.0501559102. 360 
7.  Porter C, Hurren NM, Cotter M V., et al. Mitochondrial respiratory capacity and coupling 361 
control decline with age in human skeletal muscle. Am J Physiol - Endocrinol Metab. 362 
2015;309(3):E224-E232. doi:10.1152/ajpendo.00125.2015. 363 
8.  Malafarina V, Úriz-Otano F, Iniesta R, Gil-Guerrero L. Sarcopenia in the elderly: Diagnosis and 364 
treatment. Maturitas. 2012;71:109-114. doi:10.6224/JN.61.2.101. 365 
9.  Gajdosik RL, Vander Linden DW, Williams AK. Influence of age on length and passive elastic 366 
stiffness characteristics of the calf muscle-tendon unit of women. Phys Ther. 1999;79(9):827-367 
838. doi:10.1093/ptj/79.9.827. 368 
10.  Newman AB, Kupelian V, Visser M, et al. Strength, but not muscle mass, is associated with 369 
mortality in the health, aging and body composition study cohort. J Gerontol Ser A Biol Sci 370 
Med Sci. 2006;61(1):72-77. 371 
11.  Kanegusuku H, Queiroz ACC, Silva VJD, De Mello MT, Ugrinowitsch C, Forjaz CLM. High-372 
intensity progressive resistance training increases strength with no change in cardiovascular 373 
function and autonomic neural regulation in older adults. J Aging Phys Act. 2015;23(3):339-374 
345. doi:10.1123/japa.2012-0324. 375 
12.  Ferrari R, Fuchs SC, Kruel LFM, et al. Effects of Different Concurrent Resistance and Aerobic 376 
Training Frequencies on Muscle Power and Muscle Quality in Trained Elderly Men: A 377 
Randomized Clinical Trial. Aging Dis. 2016;7(6):697-704. doi:10.14336/AD.2016.0504. 378 
13.  Liberman K, Forti LN, Beyer I, Bautmans I. The effects of exercise on muscle strength, body 379 
composition, physical functioning and the inflammatory profile of older adults: a systematic 380 
review. Curr Opin Clin Nutr Metab Care. 2017;20(1):30-53. 381 
doi:10.1097/MCO.0000000000000335. 382 
14.  Villareal D, Aguirre L, Gurney AB, Waters D. Aerobic or Resistance Exercise, or Both, in Dieting 383 
Obese Older Adults. N Engl J Med. 2017;376(20):1943-1955. 384 
doi:10.1056/NEJMoa1616338.Aerobic. 385 
15.  Machado A, García-López D, González-Gallego J, Garatachea N. Whole-body vibration training 386 
increases muscle strength and mass in older women: A randomized-controlled trial. Scand J 387 
Med Sci Sport. 2010;20(2):200-207. doi:10.1111/j.1600-0838.2009.00919.x. 388 
16.  Kennis E, Verschueren SM, Bogaerts A, Coudyzer W, Boonen S, Delecluse C. Effects of fitness 389 
and vibration training on muscle quality: A 1-year postintervention follow-up in older men. 390 
Arch Phys Med Rehabil. 2013;94(5):910-918. doi:10.1016/j.apmr.2012.12.005. 391 
17.  Ahtiainen JP, Walker S, Peltonen H, et al. Heterogeneity in resistance training-induced muscle 392 
strength and mass responses in men and women of different ages. Age (Omaha). 393 
2016;38(1):1-13. doi:10.1007/s11357-015-9870-1. 394 
18.  Huygens W, Thomis M a, Peeters MW, Vlietinck RF, Beunen GP. Determinants and upper-limit 395 
heritabilities of skeletal muscle mass and strength. Can J Appl Physiol. 2004;29(2):186-200. 396 
doi:10.1139/h04-014. 397 
19.  Thomaes T, Thomis M, Onkelinx S, et al. A genetic predisposition score for muscular 398 
endophenotypes predicts the increase in aerobic power after training: The CAREGENE study. 399 
BMC Genet. 2011;12(1):84-93. doi:10.1186/1471-2156-12-84. 400 
20.  Thomaes T, Thomis M, Onkelinx S, et al. Genetic predisposition scores associate with muscular 401 
strength, size, and trainability. Med Sci Sports Exerc. 2013;45(8):1451-1459. 402 
doi:10.1249/MSS.0b013e31828983f7. 403 
21.  Bouchard C, Dionne FT, Simoneau JA, Boulay MR. Genetics of aerobic and anaerobic 404 
performances. Exerc Sport Sci Rev. 1992;20(April):27-58. 405 
22.  Montgomery HE, Marshall R, Hemingway H, et al. Human gene for physical performance. 406 
Nature. 1998;393(6682):221-222. doi:10.1038/30374. 407 
23.  Calò CM, Vona G. Gene polymorphisms and elite athletic performance. J Anthropol Sci. 408 
2008;86:113-131. doi:10.1007/978-88-470-2418-2_4. 409 
24.  Santiago C, Ruiz JR, Muniesa CA, González-Freire M, Gómez-Gallego F, Lucia A. Does the 410 
polygenic profile determine the potential for becoming a world-class athlete? Insights from 411 
the sport of rowing. Scand J Med Sci Sport. 2010;20(1):e188-e194. doi:10.1111/j.1600-412 
0838.2009.00943.x. 413 
25.  Ruiz JR, Gómez-Gallego F, Santiago C, et al. Is there an optimum endurance polygenic profile? 414 
J Physiol. 2009;587(7):1527-1534. doi:10.1113/jphysiol.2008.166645. 415 
26.  Bogaerts ACG, Delecluse C, Claessens AL, Troosters T, Boonen S, Verschueren SMP. Effects of 416 
whole body vibration training on cardiorespiratory fitness and muscle strength in older 417 
individuals (a 1-year randomised controlled trial). Age Ageing. 2009;38(4):448-454. 418 
doi:10.1093/ageing/afp067. 419 
27.  American College of Sports Medicine. ACSM’s Guidelines for Exercise Testing and Prescription. 420 
6th ed. Lippincott Williams & Wilkins; 2005. 421 
28.  Bogaerts A, Delecluse C, Claessens AL, Coudyzer W, Boonen S, Verschueren SMP. Impact of 422 
Whole-Body Vibration Training Versus Fitness Training on Muscle Strength and Muscle Mass 423 
in Older Men: A 1-Year Randomized Controlled Trial. Journals Gerontol Ser A Biol Sci Med Sci. 424 
2007;62(6):630-635. doi:10.1093/gerona/62.6.630. 425 
29.  Charlier R, Caspers M, Knaeps S, et al. Limited potential of genetic predisposition scores to 426 
predict muscle mass and strength performance in Flemish Caucasians between 19 and 73 427 
years of age. Physiol Genomics. 2017;49(3):160-166. 428 
doi:10.1152/physiolgenomics.00085.2016. 429 
30.  Janssen I, Heymsfield SB, Baumgartner RN, Ross R. Estimation of skeletal muscle mass by 430 
bioelectrical impedance analysis. J Appl Physiol. 2000;89(2):465-471. 431 
doi:10.3945/ajcn.115.119925. 432 
31.  Kraemer WJ, Staron RS, Hagerman FC, et al. The effects of short-term resistance training on 433 
endocrine function in men and women. Eur J Appl Physiol Occup Physiol. 1998;78(1):69-76. 434 
doi:10.1007/s004210050389. 435 
32.  Windelinckx A, De Mars G, Huygens W, et al. Comprehensive fine mapping of chr12q12-14 436 
and follow-up replication identify activin receptor 1B (ACVR1B) as a muscle strength gene. Eur 437 
J Hum Genet. 2011;19(2):208-215. doi:10.1038/ejhg.2010.173. 438 
33.  Voisin S, Guilherme JPFL, Yan X, et al. ACVR1B rs2854464 is associated with sprint/power 439 
athletic status in a large cohort of Europeans but not Brazilians. PLoS One. 2016;11(6):1-11. 440 
doi:10.1371/journal.pone.0156316. 441 
34.  Miyamoto-Mikami E, Murakami H, Tsuchie H, et al. Lack of association between genotype 442 
score and sprint/power performance in the Japanese population. J Sci Med Sport. 443 
2017;20(1):98-103. doi:10.1016/j.jsams.2016.06.005. 444 
35.  Foulstone EJ, Savage PB, Crown AL, Holly JMP, Stewart CEH. Role of insulin-like growth factor 445 
binding protein-3 (IGFBP-3) in the differentiation of primary human adult skeletal myoblasts. J 446 
Cell Physiol. 2003;195(1):70-79. doi:10.1002/jcp.10227. 447 
36.  Cheng I, Henderson KD, Haiman CA, et al. Genetic determinants of circulating insulin-like 448 
growth factor (IGF)-I, IGF binding protein (BP)-1, and IGFBP-3 levels in a multiethnic 449 
population. J Clin Endocrinol Metab. 2007;92(9):3660-3666. doi:10.1210/jc.2007-0790. 450 
37.  Joulia-Ekaza D, Cabello G. The myostatin gene: physiology and pharmacological relevance. 451 
Curr Opin Pharmacol. 2007;7(3):310-315. doi:10.1016/j.coph.2006.11.011. 452 
38.  Lee S-J, McPherron AC. Regulation of myostatin activity and muscle growth. Proc Natl Acad 453 
Sci. 2001;98(16):9306-9311. doi:10.1073/pnas.151270098. 454 
39.  Walsh S, Metter EJ, Ferrucci L, Roth SM. Activin-type II receptor B (ACVR2B) and follistatin 455 
haplotype associations with muscle mass and strength in humans. J Appl Physiol. 456 
2007;102(6):2142-2148. doi:10.1152/japplphysiol.01322.2006. 457 
40.  Stebbings GK, Williams AG, Herbert AJ, et al. TTN genotype is associated with fascicle length 458 
and marathon running performance. Scand J Med Sci Sport. 2017;(May):1-7. 459 
doi:10.1111/sms.12927. 460 
41.  Wang Y, DeLuca HF. Is the vitamin D receptor found in muscle? Endocrinology. 461 
2011;152(2):354-363. doi:10.1210/en.2010-1109. 462 
42.  Bozsodi A, Boja S, Szilagyi A, Somhegyi A, Varga PP, Lazary A. Muscle strength is associated 463 
with vitamin D receptor gene variants. J Orthop Res. 2016;34(11):2031-2037. 464 
doi:10.1002/jor.23220. 465 
43.  Windelinckx A, De Mars G, Beunen G, et al. Polymorphisms in the vitamin D receptor gene are 466 
associated with muscle strength in men and women. Osteoporos Int. 2007;18(9):1235-1242. 467 
doi:10.1007/s00198-007-0374-4. 468 
44.  Amthor H, Macharia R, Navarrete R, et al. Lack of myostatin results in excessive muscle 469 
growth but impaired force generation. Proc Natl Acad Sci U S A. 2007;104(6):1835-1840. 470 
doi:10.1073/pnas.0604893104. 471 
45.  Schiaffino S, Mammucari C. Regulation of skeletal muscle growth by the IGF1-Akt/PKB 472 
pathway: Insights from genetic models. Skelet Muscle. 2011;1(1):4. doi:10.1186/2044-5040-1-473 
4. 474 
46.  Chen WS, Xu PZ, Gottlob K, et al. Growth retardation and increased apoptosis in mice with 475 
homozygous disruption of the akt1 gene. Genes Dev. 2001;15(17):2203-2208. 476 
doi:10.1101/gad.913901. 477 
47.  Hubal MJ, Devaney JM, Hoffman EP, et al. CCL2 and CCR2 polymorphisms are associated with 478 
markers of exercise-induced skeletal muscle damage. J Appl Physiol. 2010;108(6):1651-1658. 479 
doi:10.1152/japplphysiol.00361.2009. 480 
48.  Harmon BT, Orkunoglu-Suer EF, Adham K, et al. CCL2 and CCR2 variants are associated with 481 
skeletal muscle strength and change in strength with resistance training. J Appl Physiol. 482 
2010;109(6):1779-1785. doi:japplphysiol.00633.2010 [pii]\r10.1152/japplphysiol.00633.2010. 483 
49.  van Rossum EFC, Voorhoeve PG, te Velde SJ, et al. The ER22/23EK Polymorphism in the 484 
Glucocorticoid Receptor Gene Is Associated with a Beneficial Body Composition and Muscle 485 
Strength in Young Adults. J Clin Endocrinol Metab. 2004;89(8):4004-4009. 486 
doi:10.1210/jc.2003-031422. 487 
50.  Ash GI, Kostek MA, Lee H, et al. Glucocorticoid receptor (NR3C1) variants associate with the 488 
muscle strength and size response to resistance training. PLoS One. 2016;11(1):1-11. 489 
doi:10.1371/journal.pone.0148112. 490 
51.  Huang J, Hsu Y-H, Mo C, Bonewald F, Brotto M, Karasik D. METTL21C is a potential pleiotropic 491 
gene for osteoporosis and sarcopenia acting through the modulation of the NFκB signaling 492 
pathway. J Bone Min Res. 2014;29(7):1531-1540. doi:10.1002/jbmr.2200.METTL21C. 493 
52.  Hangelbroek RWJ, Fazelzadeh P, Tieland M, et al. Expression of protocadherin gamma in 494 
skeletal muscle tissue is associated with age and muscle weakness. J Cachexia Sarcopenia 495 
Muscle. 2016;7(5):604-614. doi:10.1002/jcsm.12099. 496 
53.  Kim DH, Jeong YS, Chon J, et al. Association between interleukin 15 receptor, alpha (IL15RA) 497 
polymorphism and Korean patients with ossification of the posterior longitudinal ligament. 498 
Cytokine. 2011;55(3):343-346. doi:10.1016/j.cyto.2011.05.016. 499 
54.  Pistilli EE, Bogdanovich S, Garton F, et al. Loss of IL-15 receptor alpha alters the endurance, 500 
fatigability, and metabolic characteristics of mouse fast skeletal muscles. J Clin Invest. 501 
2011;121(8):3120-3132. doi:10.1172/JCI44945. 502 
55.  Pistilli EE, Devaney JM, Gordish-Dressman H, et al. Interleukin-15 and interleukin-15Rα SNPs 503 
and associations with muscle, bone, and predictors of the metabolic syndrome. Cytokine. 504 
2008;43(1):45-53. doi:10.1016/j.cyto.2008.04.008. 505 
56.  Kyriakides T. SPP1 genotype is a determinant of disease severity in Duchenne muscular 506 
dystrophy: Predicting the severity of duchenne muscular dystrophy: Implications for 507 
treatment. Neurology. 2011;77(20):1858. doi:10.1212/WNL.0b013e318239b9ae. 508 
57.  Voisin S, Eynon N, Yan X, Bishop DJ. Exercise training and DNA methylation in humans. Acta 509 
Physiol. 2015;213(1):39-59. doi:10.1111/apha.12414. 510 
58.  Terruzzi I, Senesi P, Montesano A, et al. Genetic polymorphisms of the enzymes involved in 511 
DNA methylation and synthesis in elite athletes. Physiol Genomics. 2011;43:965-973. 512 
doi:10.1152/physiolgenomics.00040.2010. 513 
59.  Zarebska A, Ahmetov II, Sawczyn S, et al. Association of the MTHFR 1298A>C (rs1801131) 514 
polymorphism with speed and strength sports in Russian and Polish athletes. J Sports Sci. 515 
2014;32(4):375-382. doi:10.1080/02640414.2013.825731. 516 
60.  Suetake I, Morimoto Y, Fuchikami T, Abe K, Tajima S. Stimulation effect of Dnmt3L on the DNA 517 
methylation activity of Dnmt3a2. J Biochem. 2006;140(4):553-559. doi:10.1093/jb/mvj185. 518 
61.  Bird A. Perceptions of epigenetics. Nature. 2007;447(7143):396-398. 519 
doi:10.1038/nature05913. 520 
62.  Hanson MA, Gluckman PD. Early Developmental Conditioning of Later Health and Disease: 521 
Physiology or Pathophysiology? Physiol Rev. 2014;94(4):1027-1076. 522 
doi:10.1152/physrev.00029.2013. 523 
63.  Massidda M, Scorcu M, Calò CM. New genetic model for predicting phenotype traits in sports. 524 
Int J Sports Physiol Perform. 2014;9(3):554-560. doi:10.1123/IJSPP.2012-0339. 525 
64.  Abraham G, Kowalczyk A, Zobel J, Inouye M. Performance and Robustness of Penalized and 526 
Unpenalized Methods for Genetic Prediction of Complex Human Disease. Genet Epidemiol. 527 
2013;37(2):184-195. doi:10.1002/gepi.21698. 528 
65.  Jones N, Kiely J, Suraci B, et al. A genetic-based algorithm for personalized resistance training. 529 
Biol Sport. 2016;33(2):117-126. doi:10.5604/20831862.1198210. 530 
 531 
 532 
